ntheses are sites where tendons, ligaments, joint capsules or fascia attach to bone 1 providing a mechanism for reducing stress at the bony interface. 2 In general, entheses dissipate biomechanical stress and in doing so are thought to be subjected to repeated micro-trauma. 3 Inflammation of the entheses is called enthesitis, and insertional disorders in general are termed enthesopathies. In addition to the well-recognised association with the spondyloarthritides (SpA), enthesitis can also be associated with endocrinological, metabolic, traumatic and degenerative conditions. 4 Two types of entheses can be distinguished by their structure and location: the fibrous and the fibrocartilaginous type. 5 Fibrous entheses are typical of the metaphyses and diaphyses of long bones, but most entheses are fibrocartilaginous, and these are the ones that are affected in SpA 2 -for example, the sites of tendon insertions into the epiphyses of long bones. 6 MRI studies of sites of enthesitis have shown that carriage of the HLA-B27 gene is associated with the degree of MRI peri-entheseal bone marrow oedema. 7 8 Therefore, MRI studies in man may be directly relevant for understanding disease pathogenesis. The purpose of this article is to focus on the diagnostic role of MRI in the appendicular skeleton.
Despite the widespread understanding of an enthesis as being the junction between the tendon or ligament and the bone, a new concept of an ''enthesis organ'' has been proposed. 2 9 The basis of this concept is the fact that the enthesis is associated with other structures adjacent to it that are functionally related. 2 The idea is best illustrated by the Achilles tendon insertion where, in addition to the insertional fibrocartilage, there are further fibrocartilage layers covering the surface of the bone and the anterior surface of the tendon. 5 Other components of the Achilles enthesis are the retrocalcaneal bursa, a synovial-covered fat pad and the adjacent calcaneal bone. 5 9 10 All these structures are involved in normal enthesis function and contribute to protecting the enthesis during locomotion and may be involved in enthesis inflammation. The anatomical concept of the enthesis organ is directly related to the pathophysiology of SpA, as enthesitis in SpA is associated with diffuse pathological changes in the connective tissue and underlying bone in the immediate vicinity of the insertion. 11 The location at which tendons wrap around bony pulleys shares strong anatomical, biomechanical and histological similarities to entheses, so that another type of enthesis, the ''functional enthesis'', has been proposed. 2 6 According to this concept, the fibrocartilage layer covering the bone at sites where tendons change direction can thus be considered equivalent to the fibrocartilage in an enthesis organ. 2 Knowledge of these anatomical concepts is essential for the interpretation of MRI in SpA. Firstly, inflammation may be quite diffuse and not confined to the insertional region only, so the MRI changes may be diffuse. Secondly, MRI abnormalities may be present at sites that are not true insertions but nevertheless represent the same pathophysiological process.
The need to diagnose SpA early has been increasingly recognised. Conventional radiography as well as CT detect the more chronic changes in enthesitis, are not suited to early disease, and will not be addressed in this review. In contrast, both ultrasound and MRI have been shown to be sensitive for detecting early signs of enthesitis in patients with SpA. 8 12-16 However, only the latter can fully evaluate both soft-tissue changes and intraosseous abnormalities of active enthesitis. As stated, enthesitis or enthesopathy can be associated with several disease Abbreviations: AS, ankylosing spondylitis; PsA, psoriatic arthritis; SpA, spondyloarthritis; STIR, short tau inversion recovery processes. Despite a high reported sensitivity of MRI in detecting enthesitis, it lacks specificity. 8 13 17 Thus, differentiating between the different aetiologies of enthesitis on the basis of their MRI characteristics is difficult and not always possible. These aspects will be covered in this review.
The MRI features of axial skeleton entheses have already been reviewed, 18 19 but, to date, no comprehensive review of the MRI appearances of appendicular skeleton entheses has been published. The purpose of this review article is to describe the MRI features of active enthesitis of the most commonly involved entheses of the appendicular skeleton (fig 1) in patients with SpA. The MRI characterising features of SpA-associated enthesitis in contrast with other common causes of enthesitis will be presented in correlation with the newly proposed concepts of the enthesis organ and functional entheses. Emerging MRI methods for the assessment of enthesitis including whole-body MRI and highresolution MRI will also be discussed. The data presented summarise updated literature and our own personal experience.
TECHNICAL PARAMETERS OF MRI OF THE ENTHESES
MRI scans can be performed using a high-field (>1.0 T) or a lowfield (,0.5 T) magnet depending on the size of the organ scanned.
The recommended MRI pulse sequences for enthesitis evaluation based on our personal experiences are:
N T1-weighted spin-echo sequence (for depiction of bone, fat, muscles, ligaments and tendons) N T2-weighted turbo spin-echo sequence with fat suppression or short tau inversion recovery (STIR) sequence (for depiction of oedema, joint effusion, bursitis and tenosynovitis) N T1-weighted spin-echo sequence with fat suppression after contrast material administration (for depiction of osteiitis, tendonitis and bursitis). The depiction of entheseal pathology only by STIR sequences may not be sufficient in mild disease with minute changes, where the application of paramagnetic contrast agents is recommended.
The normal tendon on MR images has homogeneous low signal intensity in all sequences. When evaluating MR images for enthesitis one should evaluate:
N thickness and signal intensity of tendons and ligaments N peri-enthesal soft tissues for swelling or oedema N adjacent bone marrow to detect oedema, best appreciated as high signal in fat suppressed sequences N adjacent bone for erosions (cortical bone defects and contour irregularities) and enthesophytes (extensions of marrow contents isointense to the medullary bone), both best appreciated on T1-weighted sequences N additional findings in adjacent structures (joint or bursal fluid for example).
Dedicated low-field MRI devices with a field strength around 0.2 T were introduced in the 1990s for imaging peripheral joints. These devices offer better patient comfort at reduced overall cost. 20 21 Studies evaluating diagnostic quality of these devices were performed predominantly in patients with rheumatoid arthritis to detect erosions and synovitis, 20 22 but some early data on the detection of enthesitis are also available. 23 A major drawback of low-field MRI devices is the missing option of frequency-selective fat suppression to detect bone marrow oedema-a key feature of enthesitis. Alternatively, inversion recovery sequences or image subtraction of unenhanced and contrast-enhanced sequences can be used with varying success. The use of Dixon algorithm-based sequences may provide better options in the future, 24 as these sequences produce unequivocal water-fat signal decomposition even in the presence of field inhomogeneity. At present, the use of low-field-strength MRI devices for the detection of enthesitis cannot be recommended as a routine modality because of the lack of controlled studies investigating peripheral manifestations of psoriatic arthritis (PsA), ankylosing spondylitis (AS) and other enthesis-associated diseases.
ADVANCES IN MRI TECHNOLOGY
Two MRI techniques, whole-body MRI and high-resolution MRI, have recently been introduced and have a promising role in imaging enthesitis. The development of multi-channel scanners using accelerated imaging techniques (parallel imaging), a whole-body surface coil system, and a freely moving table with a total coverage of 205 cm in head-to-feet direction enables imaging of the entire body in a single head-to-toe scan in a relatively short period of time. Whole-body MRI can be used to detect multiple sites of enthesitis in patients with SpA in one single imaging session 25 ( fig 2) . A second development has been the use of high-resolution MRI for the assessment of enthesitis. Conventional MRI is limited at certain insertions because of low spatial resolution and low water content of entheses. This is especially the case in small joints such as finger joints. Various groups have used some form of high-resolution MRI to study finger joints, but these were mainly performed on custom-built scanners. [26] [27] [28] [29] Recent developments in high-resolution MRI have allowed the use of specialised ''microscopy coils'', which are small surface coils that can be used with commercially available clinical MRI scanners. 17 30 This technique provides a displayed pixel dimension of 80-100 mm, and therefore can offer a new insight into the small entheses of the hand. 
UPPER EXTREMITIES Shoulder
The humeral tuberosities as well as acromial and clavicular insertions of the deltoid muscle are shoulder entheses that may be involved in SpA. Differentiating between inflammatory enthesitis of the shoulder and degenerative or mechanical enthesitis which are commonly found on MRI is not always possible. In shoulder disease associated with AS, a dominant feature of enthesitis is prominent bone marrow oedema adjacent to the insertion of the supraspinatus (fig 2) and within the acromion at the origin of the deltoid. 9 13 Intense entheseal bone marrow oedema, particularly in the acromion and in association with erosions at the greater tuberosity was found to be the most specific sign in AS shoulders. 13 Enthesitis of the shoulder is a common finding in certain age groups and can result from multiple aetiologies; the most common one is mechanical, or degenerative, enthesitis. Of note, degenerative enthesopathy may also be associated with significant adjacent bone marrow oedema. 31 Thus, the presence of intense entheseal bone marrow oedema in the absence of significant injury may suggest the presence of AS or SpA, but cannot exclude mechanical enthesitis.
Elbow
Enthesitis of the elbow is evident in SpA but is probably much less common than mechanically or degenerative related disease. Scarpa et al 32 report on two patients with PsA who had enthesitis of the olecranon and of the proximal radius at the bicipital tendon insertion site. Another report describes enthesitis of the lateral epicondyle which appears several months before the onset of psoriatic disease. 33 MRI of these patients revealed oedema of the common extensor tendon. From our personal experience with whole-body MRI, unilateral or bilateral elbow effusions are not uncommon findings in patients with AS, and the relationship between such findings and enthesitis needs yet to be evaluated.
Hand
The hand consists of many entheses, among them the insertions of the flexor and extensor tendons at the phalanges.
SpA commonly involves the hand in the form of finger synovitis and dactylitis. [34] [35] [36] MRI studies demonstrate that enthesitis and extracapsular changes are common adjacent to synovial joints in SpA. 37 Because of the smaller size of the finger joints and the involved synovitis, direct involvement of the entheses of the fingers is hard to demonstrate.
In a study comparing rheumatoid arthritis and PsA, extracapsular and peri-entheseal changes were noted to be more common in the latter, implying the involvement of entheses in the pathogenesis of psoriatic disease. 37 There is a dispute about the involvement of the entheses of the fingers and their role in the inflammation process of the hand of patients with SpA, specifically those with dactylitis. In entheses such as the extensor tendons of the interphalangeal joints, the tendons replace the joint capsule dorsally, 38 then an articular hyaline cartilage is present instead of periosteal fibrocartilage, and the joint cavity becomes the equivalent of a bursa. 2 As a result, it has been argued that the bone adjacent to the enthesis should be evaluated as well as part of the enthesis organ (fig 3) . 9 10 It has also been suggested that flexor tendons of the hand should be regarded as functional entheses and that the dactylitis seen in patients with PsA is related to the enthesitis concept. 9 To test this hypothesis, the insertions of the flexor and extensor digitorum tendons in 11 fingers with dactylitis of patients with PsA were studied by conventional MRI. 36 Soft-tissue oedema was observed in 46%, but bone marrow oedema was noted in none. Tenosynovitis was noted in all tendons. It was concluded that dactylitis is due to flexor tenosynovitis and not to enthesitis. 36 However, bone marrow oedema may be overlooked and not easily detected because of limitations in spatial resolution of conventional 1.5 T MRI of small joints. 10 Indeed, in a recent study of the distal interphalangeal joint using a high-resolution microscopy MRI coil, bone marrow oedema was located near the insertions of the collateral ligaments emanating from the enthesis. 30 This was especially common in patients with PsA (figs 4 and 5) in contrast with patients with osteoarthritic disease (supplementary fig 1, which can be found at http://ard.bmjjournals.com/supplemental). 30 In this study, ligament and tendon changes were common not only in patients with PsA but also in osteoarthritic patients. However, these structures in the osteoarthritis group showed much less inflammation and enabled good differentiation between the two groups at the population level. Figure 4 and supplementary fig 1 show the similarities between inflammatory and degenerative enthesopathy in the hand. In preliminary work, we used high-resolution MRI to assess whether enthesitis is an integral feature of dactylitis. As shown in figs 3 and 5, which were obtained from a patient with dactylitis, enthesitis is indeed present. To what extent smalljoint poly-enthesitis is a feature of dactylitis has not yet been resolved.
LOWER EXTREMITIES
The entheses of the lower extremities are more often involved in SpA than those of the upper extremities, and heel enthesitis is the most common followed by enthesitis of the patella and the tibial tubercle. 39 40 Hip Hip joint involvement in patients with SpA is common, and early involvement is said to be a marker for severe disease. 41 Clinical and radiographic studies have suggested that this involvement is, however, more of an arthritis type rather than enthesitis-based. 42 The entheses of the hip include the muscle attachments to the greater and lesser trochanters as well as the Figure 4 A 40-year-old woman with psoriatic arthritis and distal interphalangeal joint disease. A 1.5 T coronal high-resolution T1-weighted fat-suppressed sequence after contrast injection. The diffuse pattern of periarticular bone marrow oedema (arrows) as well as peri-entheseal softtissue oedema (arrowheads) is seen. Figure 3 A 23-year-old woman with psoriatic arthritis and dactylitis. A 1.5 T sagittal T1-weighted fat-suppressed sequence after contrast injection using a high-resolution 23 mm diameter microscopy MRI coil shows increased signal of the extensor tendon (arrow) corresponding to a site at which fibrocartilage formation is known to occur within the fused extensor tendon-joint capsule. This is a type of functional enthesis. In addition, distal interphalangeal joint synovitis (arrowheads) is seen, and enhancement around the nail bed is evident (asterisk). Figure 5 A 23-year-old woman with a 6-month history of dactylitis of the thumb. 1.5 T coronal (A) and axial (B) T1-weighted fatsuppressed sequences after contrast injection using a high-resolution microscopy coil placed under the interphalangeal joint. Significant unilateral collateral ligament involvement (white arrow) with associated bone marrow oedema at the enthesis (white arrowheads). In addition, interphalangeal joint synovitis (black arrows) and perientheseal soft-tissue oedema (black asterisks) are seen.
origin of the adductor muscles at the pubic and ischial bones. These sites are best appreciated on coronal MR images (supplementary fig 2) . We have noted that patients with active SpA may have florid hip osteitis/enthesitis possibly as part of the enthesis organ (fig 6) . Hip involvement in SpA may progress more rapidly than the rate of progression of synovialbased disease such as rheumatoid arthritis. Indeed the patient reported in fig 6 required total hip replacement within 6 months of disease onset. The prognostic value of diffuse MRI osteitis/enthesitis in synovial joint disease has yet to be determined, but is likely to be of immense value in the hip joint.
Knee
Often involved entheses in SpA are the insertion of the quadriceps tendon at the upper patellar pole and the insertions of the patellar ligament at the lower patellar pole and the tibial tubercle. 35 43 To a lesser extent, femoral condyle muscle insertions are also involved (fig 7) . In a study comprising 10 patients with early SpA and 10 with early rheumatoid arthritis, peri-entheseal soft-tissue oedema was demonstrated in all patients with 10 SpA but in only four of those with arthritis. 12 Bone marrow oedema at entheseal sites was seen in six of the patients with SpA, whereas no enthesis-related bone marrow oedema was detected in the 10 with rheumatoid arthritis. Thus, early differentiation of those patients who would develop AS versus rheumatoid arthritis seems possible. One should note that, in adolescence, enthesitis of the patellar ligament can be confused with traction apophysitis (OsgoodSchlatter disease). 44 Further studies are needed to determine whether entheseal-related bone marrow oedema is prognostically relevant.
Hindfoot
SpA often affects the hindfoot, with the calcaneus being the most involved bone. 14 45 Both the Achilles tendon and the plantar fascia attach to the calcaneus. Focal erosions at the insertion of the Achilles tendon and enthesopathy in both the Achilles and plantar fascia insertions were observed radiographically in 33-58% of cases. 46 In 40-50% of cases of plantar fasciitis, a plantar calcaneal enthesophyte is associated.
14 In a group of 17 patients with SpA and 11 controls, mechanically induced and inflammatory enthesitis had been shown to have similar MRI appearances with soft tissue and bone marrow oedema at the plantar fascia insertion 8 ( fig 8) . However, patients with SpA showed more severe bone marrow oedema, and its degree correlated with the presence of HLA-B27, suggesting that the effect of the HLA-B27 gene may be mediated in the bone adjacent to entheseal insertions. From the clinical perspective, however, it was difficult to differentiate between non-HLA-B27-related SpA and pure mechanically induced enthesopathy.
The thickness of the Achilles tendon in patients with SpA and severe enthesitis is significantly increased. 47 Swelling of the tendon is not limited to the insertion, but often extends some centimetres proximally. 40 The normal flattened appearance of the tendon is lost and a round configuration as well as an increased signal intensity may be evident. 16 Additional findings in Achilles tendon enthesitis are retrocalcaneal bursitis, subcutaneous oedema and calcaneal bone marrow oedema 16 35 40 47 (fig 9) . This pattern of involvement can be viewed as part of the Achilles enthesis organ. 9 10 These additional findings are also described in Figure 7 A 27-year-old man with ankylosing spondylitis. 1.5 T sagittal (A) and axial (B) fat-suppressed T1-weighted sequences after contrast injection of the knee. Localised bone marrow oedema at the posterior aspect of the lateral femoral condyle (arrowheads) at the insertion site of the lateral collateral ligament and the origins of the lateral head of the gastrocnemius and the popliteus muscles is depicted. A large suprapatellar effusion along with inflamed and thickened synovial membrane is also present (asterisk). exercise-induced tendinopathy and thus cannot always reliably help to differentiate between the two. 48 Haglund's syndrome, a mechanically induced inflammation of the retrocalcaneal bursa, supracalcaneal bursa and Achilles tendon, should also be regarded in the differential diagnosis. 49 
Midfoot
The talonavicular, calcaneocuboideal and intertarsal joints all are part of the midfoot.
These midfoot joints, connected by a supporting network of tendons and ligaments, perform only minute gliding movements (arthrodia). The midfoot fibrocartilagenous joints share the same histology and biomechanics as insertions proper. 2 Thus, like the sacroiliac joint, the midfoot joints can be regarded as functional entheses. Involvement of these entheses is designated tarsitis and is characterised by bone marrow oedema just as other SpA-related entheses (supplementary fig 3) . Tarsitis occurs especially in juvenile forms of SpA in up to 88% of cases 50 51 and correlates with poor prognosis. However, diffuse bone marrow oedema may occur in a similar pattern and is a feature of severe degenerative joint disease, especially neuropathic joint disease.
Toes
Many entheses involve the toes, among which are the insertion of the plantar aponeurosis on the base of the fifth metatarsal bone and on the metatarsal heads. 43 As in the fingers, here the involvement of the flexor tendons in dactylitis can also be considered as enthesitis as part of the functional enthesis concept. Toe dactylitis, commonly seen in PsA, is evident in 23% of SpA cases, 52 but may be under-represented. 53 A study of 12 sausage-like toes of patients with SpA using conventional MRI showed that toe dactylitis is predominantly due to flexor tenosynovitis and that extensor tenosynovitis may also be present. 54 However, unlike for the hand, the functional enthesis theory could not yet been validated by high-resolution MRI at this site.
SUMMARY
Enthesitis is a well-known hallmark of SpA, which recently gained special attention because of its potential role in the disease pathogenesis. MRI is highly sensitive for active enthesitis and depicts not only the enthesis itself but also associated findings such as soft-tissue involvement and bone marrow oedema. Although bone marrow oedema is a prominent feature of enthesitis, it is not universally seen in all enthesopathies. Extensive and diffuse patterns of bone marrow oedema are more closely related to inflammatory enthesitis, as shown in the hip. When soft-tissue involvement occurs in a synovial joint, synovitis may mask some, if not all, MRI features of enthesitis. Still, differentiation between the different causes of enthesitis (ie, inflammatory, mechanical, metabolic) is only reliably possible in the context of the available clinical information. Despite these limitations, MRI represents a significant advance for the early diagnosis of enthesitis-related arthropathies and for monitoring therapy that targets entheseal inflammation.
Three supplementary figures can be found at http:// ard.bmj.com/supplemental. Figure 9 Achilles tendon enthesitis in an 18-year-old man with juvenile spondyloarthritis. A 0.2 T sagittal native T1-weighted spin-echo sequence (A) and T1-weighted three-dimensional gradient-echo sequence after contrast injection (B) of the hindfoot (two different sections) showing irregular Achilles tendon with increased signal intensity. In addition, retrocalcaneal bursitis (arrow), a calcaneal erosion (black arrowheads) and localised calcaneal bone marrow oedema (white arrowheads) are seen. Figure 8 Plantar fasciitis in a 27-year-old man with reactive arthritis. A 1.5 T sagittal T1-weighted sequence of the hindfoot (A) shows a thickened plantar fascia with increased signal intensity (arrows). A fatsuppressed T1-weighted sequence after contrast injection (B) shows enhancement of the plantar fascia (arrows), surrounding softtissue oedema, and minimal calcaneal bone marrow oedema (arrowhead).
